Abstract-This letter presents a novel 1-bit reconfigurable reflectarray element that is capable to work in multipolarization modes. The element needs only one substrate layer and two switches, which is simple and practical for large-aperture beam-scanning applications. By properly controlling the two p-i-n diodes, the 1-bit phase resolution is obtained for both dual-linear and dual-circular polarizations. Moreover, the element loss is smaller than 0.8 dB for all polarizations, and the 1-bit phase shift is achieved within 180°± 20°from 13.5 to 15 GHz. A dc circuit is deliberately designed to bias the element without disturbing its reflection performance. Several element samples are fabricated and measured, and the good agreements between measurements and simulations verify the proposed design.
I. INTRODUCTION
R ECONFIGURABLE reflectarray antenna (RRA) is an exciting high-gain antenna that possesses the versatile radiation performance as the conventional phased array antennas [1] . It is typically composed of a flat [1] or conformal array [2] illuminated by a spatial focus feed. To scan or shape the radiation beam, the elements in the array are integrated with solid-state electronic devices or tunable materials to achieve dynamical control of the reflection phases. The RRA exhibits lot of fascinating advantages, such as low insertion loss, reduced system complexity, and economic system cost. Therefore, RRA becomes an attractive solution in high-gain beam-scanning antenna designs.
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Digital Object Identifier 10.1109/LAWP.2016.2590478 elements working with dual-polarized or polarization-flexible capabilities are reported in [3] - [9] . A concern in these elements is the large number of electronic devices used in each element, which becomes a major challenge in large-aperture designs. To reduce the number of electronic devices, 1-bit RRA that has the simplest control and lowest complexity is preferable in practical large-aperture RRA designs [10] , [11] . A 1-bit dual-linear polarization element utilizing four microelectromechanical system (MEMS) switches was presented in [12] . Several 1-bit elements that need only two electronic switches were proposed in [13] - [15] . A practical dual-polarized RRA was presented in [11] , which verifies the feasibility of 1-bit elements for large RRA applications. While the concept was successfully demonstrated, only dual-linear polarization performance was obtained. Moreover, a multilayer structure was needed, which increases the design complexity and cost. In this letter, a novel 1-bit RRA element with one substrate layer and two p-i-n diodes is presented for large RRA applications. The element is capable of working in dual-linear or dual-circular polarization modes depending on the two p-i-n diodes states. Low loss and good 1-bit phase are obtained for all polarizations within the frequency band of interest. A practical biasing circuit is carefully designed to achieve good isolation of RF and dc signals. The proposed element with actual reconfigurable modes is validated by measured results using the standard waveguide approach.
II. MULTIPOLARIZATION ELEMENT DESIGN

A. Operation Principle
The proposed multipolarization RRA element is plotted in Fig. 1 . It consists of a simple square patch, and its two orthogonal edges are connected to the ground through two electronic switches and two vias at points A and B, respectively. Points A and B are located at the centers of the two edges. This geom-1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. etry evolves from a single-polarization reconfigurable element design [16] . For each polarization, the equivalent length of the current path changes with the switch state, and, hence, the resonant property can be altered. By properly designing the element size, a 180°phase difference between the ON/OFF switch states at a designed frequency is thus achieved. If the two switches are controlled independently, a 1-bit multipolarization element can be obtained.
The main challenge in the multipolarization element design is to eliminate the coupling between different polarizations. Referring to Fig. 1 , the ON/OFF state of the y-oriented p-i-n diode should not affect the behavior of the x-polarized wave and vice versa.
To further illustrate this point, the operation modes of a singlepolarization element are investigated. The proposed element is simulated in HFSS by utilizing periodic boundary condition and Floquet port. The element periodicity is 9.55 mm, which is 0.45λ at the center frequency (14.25 GHz) of 13.5-15.0 GHz. It is worthwhile to point out that this periodicity is still smaller than 0.5λ at the upper end frequency (15.0 GHz). The detailed parameters [shown in Fig. 1(b) ] are as follows: px = py = 5.26 mm, s1 = 0.7 mm, s2 = 0.3 mm, s3 = 0.5 mm, sw = 0.3 mm. Taconic TLX-8 with permittivity of 2.55 and loss tangent of 0.0019 is adopted as the substrate with a thickness of 1.58 mm. Two p-i-n diodes (MACOM MADP-000907-14020) are used as the RF switches. In simulation, the p-i-n diode is modeled as an equivalent series circuit, i.e., a resistance (7.8 Ω) and an inductance (30 pH) for ON state or a capacitance (25 fF) and an inductance (30 pH) for OFF state.
The simulated reflection performance of the element with only the x-oriented p-i-n diode is shown in Fig. 2 . When the diode is OFF, the element resonates at 12.6 GHz. When the diode is ON, the fundamental mode of the element resonates at 3.8 GHz. The reflection phases of the two statuses are plotted in Fig. 2(b) . It is observed that a 180°phase difference is obtained at 3.9 GHz. Next, the electric field distributions of the two statuses are plotted in Fig. 3(a) . When the diode is OFF, the field is nearly zero at point B. When a y-oriented diode is added at point B, it will not affect the field performance. When the diode is ON, the field at point B is very strong. Hence, once a y-oriented diode is added at point B, it will interfere with the field distribution leading to a phase variation. Although a 1-bit phase difference is obtained at 3.9 GHz, the effects of the two p-i-n diodes are coupled together and cannot be independently controlled for multipolarization operation.
To solve this problem, the higher order mode is investigated. When the diode is ON, a second resonance is observed at 14.9 GHz. At 14.0 GHz, which is between the second res- onance of the ON status and the first resonance of the OFF status, a 180°phase difference is obtained again. The field distributions of the two states at 14.0 GHz are plotted in Fig. 3(b) . It is observed that the field strength at point B is nearly zero at both states. The reason can be understood from the mode distributions, which are schematically plotted in Fig. 3(c)-(e) . Hence, when a y-oriented diode is added at point B, it will not affect the field performance for both statuses. Therefore, the effects of the two diodes are decoupled and they could be independently controlled for multipolarization operation.
B. Dual-Linear Polarization Performance
Since the element depicted in Fig. 1 is symmetric for x-or y-polarized incident wave, the performance for x-polarized incidence is displayed here for brevity. Two sequential binary codings are used to indicate the p-i-n diodes states ("1" denotes ON and "0" denotes OFF) along the x-and y-directions, respectively. For the cases of 11 and 10, the x-oriented diode is ON, and the reflected x-polarized wave has a reflection phase of 60°a t 14.0 GHz. For the cases of 01 and 00, the x-oriented diode is OFF, and the reflected x-polarized wave has a reflection phase of −120°. As a result, a 180°phase difference is obtained for the x-polarized wave.
As observed from Fig. 4 , low element loss (<0.8 dB) and acceptable cross polarization (<−10 dB) are obtained within 13.5-15 GHz for all combinations of p-i-n states. It is shown in 
C. Dual-Circular Polarization Performance
The reflection performance for circularly polarized incidence is plotted in Fig. 5 . Due to the symmetry, only the results for left-hand circularly polarized (LHCP) incidence are shown. A circularly polarized wave can be regarded as the superposition of two orthogonal linearly polarized waves with 90°phase difference. Therefore, when the two p-i-n diodes are ON or OFF simultaneously, reflection with reversed circular polarization is expected. This point has been verified by the results shown in Fig. 5(a) . Moreover, the reflection with the same polarization (LHCP) can also be obtained when alternatively turning on or off the two p-i-n diodes. For all cases, less than 0.8-dB element loss and stable phase difference (180°± 15°) are obtained within the frequency band of interest. The cross-polarization level is always smaller than −10 dB.
To sum up, the reflection performances of different polarization status under normal incidence are tabulated in Table I . It clearly shows that the proposed element possesses good phase stability, low insertion loss, and acceptable cross polarizations. These performances have also been checked under oblique incidences. Restricted by the paper length, part of the results under 30°incidences are provided in Table I . It shows that good loss and cross polarizations as well as independent polarization control and well-behaved phase resolution are preserved. 
D. Design of Biasing Circuits
The biasing circuit is an essential part in element design for practical applications. As shown in Fig. 6 , a practical biasing architecture is proposed to provide simultaneous control of the two p-i-n diodes. One dc via with clearance from the ground is adopted at equivalent zero-electric-field point, i.e., the center of the patch. A thin FR-4 substrate layer bounded at the back of the ground plane is introduced to facilitate biasing routings. A 60°o pen-ended radial stub printed on the FR-4 is used to choke the RF signals. Moreover, the radial stub with radius (r) of 3 mm along with the transmission line (dx = 2.1 mm, dy = 0.2 mm)
provides an equivalent open-circuit loading on the patch. All of these measures ensure good isolation of RF and dc signals. The reflection performance with or without biasing is compared in Fig. 7 . It is observed that the biasing has a very little influence on both reflection loss and phase. Almost unchanged phase difference is obtained across the whole frequency band after dc biasing. These results prove the good performance of the proposed biasing design. It is worthwhile to point out that an independent control of each p-i-n diode could also be realized. For example, interchange the location of dc via and grounded via in Fig. 6 , then use radial stubs to ensure RF short-circuit before dc biasings.
III. FABRICATION AND MEASUREMENTS
To verify the proposed element, several samples with biasing structure are fabricated and measured in a standard rectangular waveguide (WR-75). This test method utilizes the mirror image to characterize the element in an equivalent infinite periodic arrangement. However, since the proposed element does not have a rotational symmetry, its mirror image could not emulate a strict periodic environment. Consequently, rather than verifying the previously presented periodic element performance, the test provides an available approach to validate the simulations in the same waveguide simulator (WGS). As displayed in Fig. 8 , two sets of samples (marked as #1 and #2), which are exactly the same except for a 90°r otation, are fabricated and soldered, intending for measuring the two orthogonally polarized performance. The assembling and measurement setup are shown in Fig. 9 . The measured results are compared to the resimulated ones using WGS in Figs. 10 and 11 . Restricted by the working frequency band of the waveguide calibration kits applied, only the results within 13.5-14.5 GHz are shown. The reflection performance with two polarizations is almost the same, and the measurements show reasonably good agreements with simulations. The slightly higher loss and phase shift in measurements is attributed to the uncertainty of soldering, the discrepancy of the p-i-n diode model, and assembling errors. In summary, these results effectively verify the proposed element design.
IV. CONCLUSION
A 1-bit RRA element with multipolarization working modes is proposed for large aperture antenna applications. Two p-i-n diodes are embedded in the single-layer element to provide electronically tunable 1-bit phases with low losses. The element allows to work independently in dual-linear or dual-circular polarization modes. For each working mode, the element loss is within 0.8 dB and the phase difference is within 180°± 20°f rom 13.5 to 15 GHz, resulting in a 10.5% relative bandwidth. A simplified biasing architecture is also designed without disturbing the reflection performance. The measured results of the fabricated samples show reasonably good agreements with simulations, which verify the proposed element design.
